v" Intracranial compliance, as estimated from a computerized frequency analysis of the intracranial pressure (ICP) waveform, was continuously monitored during the acute postinjury phase in 55 head-injured patients. In previous studies, the high-frequency centroid (HFC), which was defined as the power-weighted average frequency within the 4-to 15-Hz band of the ICP power density spectrum, was found to inversely correlate with the pressure-volume index (PVI). An HFC of 6.5 to 7.0 Hz was normal, while an increase in the HFC to 9.0 Hz coincided with a reduction in the PVI to 13 ml and indicated exhaustion of intracranial volumebuffering capacity. The mean HFC for individual patients in the present study ranged from 6.8 to 9.0 Hz, and the length of time that the HFC was greater than 9.0 Hz ranged from 0 to 104.8 hours. The mortality rate increased concomitantly with the mean HFC, from 7% when the mean HFC was less than 7.5 Hz to 46% when the mean HFC was 8.5 Hz or greater. The length of time that the HFC was 9.0 Hz or greater was also associated with an increased mortality rate, which ranged from 16% if the HFC was never above 9.0 Hz to 60% if the HFC was 9.0 Hz or greater for more than 12 hours. In 12 patients who developed uncontrollable intracranial hypertension or clinical signs of tentorial herniation during the monitoring period, 75% were observed to have had an increase in the HFC to 9.0 Hz or more 1 to 36 hours prior to the clinical decompensation. The more rapid the increase in the HFC, the more likely the deterioration was to be caused by an intracranial hematoma. Continuous monitoring of intracranial compliance by computerized analysis of the ICP waveform may provide an earlier warning of neurological decompensation than ICP per se and, unlike PVI, does not require volumetric manipulation of intracranial volume. KEy WORDS 9 intracranial pressure 9 intracranial compliance 9 head injury 9 pressure-volume index I NTRACRANIAL pressure (ICP) monitoring is used as an early sign of neurological decompensation in the management of patients with a variety of neurosurgical conditions, especially traumatic brain injury. Mean ICP is the parameter most commonly measured for this purpose. Marked increases in ICP can produce cerebral ischemia or cause tentorial herniation. Clinical studies have suggested that control of ICP within the normal range reduces the rate of mortality from head injury.3 5 ~ ~_~o However, an increase in the mean ICP is a relatively late indicator of many secondary injury processes.
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Intracranial compliance has been proposed as an earlier, more sensitive indicator of impending neurological deterioration due to cerebral edema or mass lesions52 Volume-pressure response (VPR), which is the change in ICP after injection or withdrawal of 1 ml of cerebrospinal fluid (CSF) over 1 second, is a simple method of expressing intracranial compliance. A normal VPR is less than 2 mm Hg/ml. z5 A VPR of greater than 5 mm Hg/ml indicates a critical reduction in the volume-buffering capacity of the brain.15 Pressure-volume index (PVI), which is the calculated volume that would have to be added to the intracranial contents to raise the mean ICP tenfold, is another commonly used method of expressing intracranial compliance. The normal value of PVI is 26 ___ 4 ml. 2J Although a PVI of 18 ml or less is considered pathological, 13 ml is the critical value, indicating near exhaustion of volumetric compensatory mechanisms. -~ In clinical studies, a change in intracranial compliance has occasionally heralded an unsuspected intracranial hematoma prior to any major rise in the ICP? 4 In clinical practice, however, the risk of introducing infection and fear of inducing dangerous increases in ICP have prevented widespread use of VPR or PVI as a routine monitor of intracranial compliance. Even if VPR or PVI measurements could be performed safely, the intermittent nature of the measurements would still limit the ability to detect rapidly changing processes early.
The purpose of this study was to evaluate the clinical usefulness of a computerized system that estimates intracranial compliance from analysis of the frequency content of the ICP waveform. The potential advantages of this system over conventional PVI measurements are that volumetric manipulations of the CSF are not required, and that the continuous nature of the measurements permit rapid detection of changes in intracranial compliance.
Clinical Material and Methods

Patient Population and Management
Between July, 1984, and October, 1987, trend recordings of mean ICP and of the computerized waveform analysis were obtained in 55 comatose headinjured patients who were admitted to the intensive care unit and required ICP monitoring. The patients were studied for a total of 275.3 days, or an average of 5.0 days per patient (range 0.5 to 15.0 days). The type of injury, initial Glasgow Coma Scale (GCS) score, age distribution, and 3-month outcome of the patients are summarized in Table 1 .
The majority of the patients had suffered closed head trauma; 12 (22%) had diffuse brain injuries, four (7%) epidural hematomas, 17 (31%) subdural hematomas, and 10 (18%) intracerebral hematomas. Twelve (22%) of the patients had gunshot wounds or other penetrating injuries.
The patient population was predominantly male (76%) and young (median age 30 years, 25th percentile 24 years, 75th percentile 36 years). Forty-five (82%) of the patients were comatose on admission to the hospital. The admission GCS score was 3 to 5 in 12 (22%) of the patients and 6 to 8 in 33 (60%). Ten (18%) patients had a GCS score greater than 8 on admission, but subsequently deteriorated to a score of 8 or less.
All patients were treated by a standard protocol that emphasized early surgical evacuation of intracranial hematomas, controlled ventilation, and monitoring of ICP. Routine medications included phenytoin, morphine for sedation, and antibiotics. Patients with ICP greater than 20 mm Hg were treated with hyperventilation (pCO2 25 to 30 mm Hg), CSF drainage, sedation, paralysis, mannitol, and if necessary, barbiturates.
The ICP monitor was a ventriculostomy in 49 (89%) and an intraparenchymal fiberoptic device* in six (11%) *Intraparenchymal fiberoptic device manufactured by Camino Laboratories, San Diego, California. For purposes of these analyses, the two types of monitors were considered interchangeable. Trend recordings were begun as soon as possible after placement of an ICP monitor, usually within 6 hours, and continued for as long as the ICP monitor was in place. The ICP monitor was calibrated with the usual intensive care unit routine by the bedside nurse. The ICP computer was calibrated every 8 hours. Proper calibration of the computerized ICP trend recordings was confirmed by comparing the pressures to the ICP recorded hourly by the bedside nurse. Segments of the recordings that showed a discrepancy in the pressure values were not included in the final analysis.
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Detailed information regarding episodes of clinical neurosurgical emergencies were kept for correlation with the trend recordings. A neurosurgical emergency was defined as either uncontrollable intracranial hypertension (ICP > 25 mm Hg) without clinical neurological changes or dilation of one or both pupils.
ICP Analysis
A system for on-line continuous monitoring of intracranial compliance by computerized analysis of the ICP waveform has been developed from data collected in the neurosurgical intensive care unit at Ben Taub General Hospital. 4 The ICP is recorded from a ventriculostomy or a fiberoptic catheter on a Space Labs 511 patient monitor or a Hewlett-Packard patient monitor.t The electrocardiographic (EKG) and ICP analog signal from the monitor are directed to the analog-to-digital converter of an IBM PC-XT computer. The EKG recording is used for timing purposes. The ICP and EKG data are acquired beginning with the QRS complex at 100 samples/sec per channel for 256 points. The ICP waveform is analyzed for presence of artifact and for drift of baseline. Only waveforms with a fiat baseline are accepted for analysis, which tends toward selection of waves that occur at end-expiration.
Each satisfactory ICP waveform acquired by the computer is analyzed individually by the discrete fast-Fourier transform. For purposes of this analysis, the ICP waveform is assumed to result from the summation of a large number of sinusoidal waves, each with a different power, As the ICP waveform is acquired by the computer, it represents the ICP as a function of time (Fig. 1) . The fast-Fourier transform converts the time axis to a frequency axis and allows the function to be expressed in terms of the power of the pressure wave at a particular frequency. The ordinate indicates the power contribution of the frequency indicated on the abscissa to the total waveform.
The purpose of the fast-Fourier transform analysis is to detect changes in the shape of the ICP waveform that would indicate changes in the physical character- istic of the brain. It was found in earlier studies that shifts within the frequency range of 4 to 15 Hz were related to changes in the compliance of the brain. 4 To describe these frequency shifts, the power-weighted average frequency (or centroid) within the 4-to 15-Hz band is calculated (Fig. 2 ). This method of analysis was chosen to reduce the effect of changes in heart rate on the ICP power-density spectrum, although the heart rate cannot be eliminated since it is the generator of the ICP pulsations, and because the harmonics of the heart rate are found in the 4-to 15-Hz frequency. The high-frequency centroids (HFC's) obtained from 10 calculations each are averaged to generate a point of analysis, yielding a new point approximately every 2 minutes. In previously reported studies, the HFC obtained in this manner had an inverse relationship to the PVI. 4-'r An HFC of 6.5 to 7.0 Hz was normal, and an HFC of 9.0 Hz corresponded with a reduction in PVI to approximately 13 ml.
Statistical Analysis
The means + standard deviations of the ICP and HFC were calculated for each patient. Assuming that one data point represented a 2-minute period of time, the length of time that the HFC was greater than the critical value of 9.0 Hz was estimated from the number of HFC data points of 9.0 Hz or greater. The percent of time that the HFC was 9.0 Hz or greater was calculated by dividing the number of HFC data points at that level by the total number of data points. The mean HFC and the length of time that the HFC was 9.0 Hz or greater were regressed on the mean ICP to evaluate whether the HFC was independent of the mean ICP.
Two methods of summarizing the intracranial compliance, the mean HFC, and the percent of time that the HFC was 9.0 Hz or greater were examined as predictors of mortality and neurological outcome by the method of logistic regression. The covariables used in the model were age, GCS score in two categories (3 to 7 and 8 to 15), and mean ICP.
R e s u l t s
Correlating H F C with Neurological Outcome
A total of 112,457 data points, each point an average of 10 ICP waveform analyses, were available for study. The mean ICP and HFC were calculated for each patient, from an average of 2000 data points per patient. The mean ICP ranged from 6 to 29 mm Hg, and the mean HFC ranged from 6.8 to 9.0 Hz. The length of time that the HFC was 9.0 Hz or greater varied in absolute numbers from 0 to 104.8 hours, and in percent of the total time monitored from 0% to 72.7%.
The relationship between the average ICP and mean HFC and the percent of time that the HFC was 9.0 Hz or greater was examined using simple linear regression. The mean ICP explained 1.8% of the variation of the mean HFC (p > 0.30) and only 1.3% of the variation of the percent of time that the HFC was 9.0 Hz or greater (p > 0.40). These regressions indicate that the ICP and HFC, at least as measured here, are not related.
The risk of dying in the first 3 months after a severe head injury was related to alterations in the HFC. As shown in Table 2 , the mortality rate increased directly with the mean HFC, from 7% when the mean HFC was less than 7.5 Hz to 46% when the mean HFC was 8.5 Hz or greater. The mortality rate also increased with the length of time the HFC was 9.0 Hz or greater (Table  3) . If the HFC was never 9.0 Hz or greater, the mortality rate was 15%. However, if the HFC was 9.0 Hz or greater for 6 to 12 hours, the mortality rate increased to 42% and, if it was 9.0 Hz or greater for more than 12 hours, the mortality rate was 60%.
Quality of neurological recovery also appeared to be related to changes in the HFC. Only one (8%) of the 13 patients who had a mean HFC of 8.5 Hz or greater recovered with moderate disability at 3 months postinjury; the remainder were severely disabled, in a persistent vegetative state, or dead (Table 2) . Six (43%) of the 14 patients who had a mean HFC under 7.5 Hz had a good or moderate recovery at 3 months. In the group whose HFC was 9.0 Hz or over for less than 6 hours, 42% had a good or moderate recovery, while only two (12%) of the patients who had an HFC of 9.0 Hz or greater for 6 hours or more recovered with moderate disability (Table 3) . None of the patients whose HFC was 9.0 Hz or greater for more than 12 hours had a good neurological outcome.
To determine if the relationship between the HFC FIG. 2. Power shifts within the 4-to 15-Hz frequency range of the power density spectrum generated by the discrete Fourier transform (DFT) were found to occur with changes in intracranial compliance. To describe these frequency shifts, the power-weighted average frequency (or high-frequency centroid (HFC)) within the 4-to 15-Hz band is calculated. An HFC of 6.5 to 7.0 Hz indicates a normal intracranial compliance, while an HFC of 9.0 Hz occurs with reduction in pressure-volume index to approximately 13 ml. FIG. 3 . The relative increase in the probability of death associated with an increase in the mean high-frequency centroid (HFC) above a baseline of 6.0 Hz, calculated using the coefficients obtained from the logistic regression equation. This increase in mortality risk is adjusted for the effects of age, Glasgow Coma Scale (GCS) score, and mean intracranial pressure (ICP). For a patient with a given age, GCS score, and ICP, a mean HFC of 6.0 Hz was associated with the lowest risk of mortality. For the same patient, the risk of death associated with a mean HFC of 8.5 Hz was approximately 50% greater. and outcome reflected the effects of other covariants, logistic regression was employed. A total of four regressions were examined. One set had the mortality rate as the dependent variable, with mean H F C and percent of time that the H F C was 9.0 Hz or greater examined separately. The second set used as a predictor a poor neurological recovery as the dependent variable in evaluating mean H F C and percent o f time that the H F C was 9.0 Hz or greater. The covariates chosen to be in the model were selected due to their probable influence on mortality and morbidity rates; they were: age, GCS score in two categories (3 to 7 and 8 to 15), and mean ICP. The results of these regressions are shown in Table  4 . The mean H F C and the percent of time that the H F C was 9.0 Hz or greater were both statistically significant predictors of mortality even when adjusted for the effects of age, mean ICP, and GCS score. When poor neurological outcome was the dependent variable, the mean H F C was not significantly associated with outcome, and the time the H F C measured 9.0 Hz or greater was marginally significant. Figure 3 shows the relative increase in the probability of death associated with an increase in the mean H F C   FIG. 4 . The relative increase in the probability of death associated with the percent of time that the high-frequency centroid (HFC) was 9.0 Hz or greater, calculated using the coefficients obtained from the logistic regression equation. This increase in mortality risk is adjusted for the effects of age, Glasgow Coma Scale (GCS) score, and mean intracranial pressure (ICP). For a patient with a given age, GCS score, and ICP, the risk of death was lowest when the HFC never exceeded 9.0 Hz. The risk was increased by 70% if the HFC remained at 9.0 Hz or greater for 90% of the monitoring time. above a baseline o f 6.0 Hz, calculated using the coefficients obtained from the logistic regression equation. For a patient with a certain age, GCS score, and ICP, a mean H F C of 6.0 H z was associated with the lowest risk of mortality. For the same patient, the risk of death associated with a mean H F C of 8.5 Hz was approximately 50% greater. Figure 4 illustrates the relative increase in the probability o f death associated with an increase in the percent o f the monitoring time that the H F C was 9.0 H z or greater. For a patient with a given age, GCS score, and ICP, the risk of death was lowest when the H F C never exceeded 9.0 Hz. This risk is increased by 70% if the H F C remained at 9.0 Hz or greater for 90% o f the monitoring time.
Continuous monitor of intracranial compliance
To determine if there was a critical value for the number of hours that the H F C was 9.0 Hz or greater, at which the risk of death dramatically increased, an analysis of the odds ratios as a function of time above 9.0 Hz was performed. Based on this analysis, a critical time in the range of 4 to 7 hours was identified. This analysis supports the data shown in Table 3 , where having an H F C of 9.0 Hz or greater for more than 6 hours was associated with a nearly threefold increase in the risk of death.
Correlation o f H F C Trends with Clinical Neurological Events
Patients with uncomplicated courses typically had an HFC that was at worst only moderately elevated (7.5 to 8.0 Hz) or was elevated above 8.5 to 9.0 Hz only transiently during the first 24 hours after injury. Twelve patients developed a neurosurgical emergency (either uncontrollable intracranial hypertension or clinical signs of tentorial herniation) while the ICP waveform was being recorded. The trend recordings of the ICP and the H F C for these 12 patients were examined retrospectively to see if a consistent pattern developed prior to the clinical evidence of deterioration. The findings are summarized in Tables 5 and 6 .
Four patients developed a neurosurgical emergency due to an intracranial hematoma while the ICP waveform was being recorded. An abrupt increase in the HFC to between 8.5 and 9.0 Hz was a characteristic pattern prior to the ICP becoming refractory to medical treatment in this circumstance. The patient whose course is illustrated in Fig. 5 developed a delayed temporal hematoma; the HFC increased abruptly from 7.0 to greater than 8.5 Hz over approximately a l-hour period of time. Within another hour, the patient had a sudden increase in ICP accompanied by clinical signs of brain herniation. A computerized tomography scan showed coalescence of a temporal contusion into a hematoma. The hematoma was evacuated and the patient eventually recovered with moderate disability.
Five patients developed a neurosurgical emergency due to cerebral edema during the period of time that the ICP trend recordings were being obtained. Four of these patients developed cerebral edema associated with a contusion or following evacuation of an intracranial hematoma, and one patient developed cerebral edema following a gunshot wound. A more gradual increase in the HFC to between 8.5 and 9.0 Hz was a characteristic pattern prior to the ICP becoming refractory to medical treatment in this group.
In the patient whose course is illustrated in Fig. 6 , the HFC gradually increased from 7.6 to 9.2 Hz over about 36 hours. At the peak of the HFC increase, the ICP became uncontrollable, and barbiturate coma was required to reduce the ICP. This patient eventually recovered with a severe disability.
Three patients developed four separate episodes of neurosurgical emergency due to diffuse brain swelling. The intracranial hypertension was controlled with barbiturates in each case. With all four of these episodes, C. S. Robertson, et al. FIG. 5 . Clinical course of a patient who had a slightly increased high-frequency centroid (HFC) for the first 2 days after head injury. Abruptly at 49 hours after injury, the HFC increased from 7.0 to greater than 8.5 Hz over a 1-hour period. Within another hour, the patient had a sudden increase in intracranial pressure (ICP) accompanied by clinical signs of herniation. A computerized tomography (CT) scan showed a delayed intracerebral hematoma in the temporal lobe.
the HFC remained between 7.5 and 8.0 Hz before and after the episode of intracranial hypertension. Two of these patients ultimately recovered with only moderate disability. One patient died of sepsis.
Discussion
Experimental studies using VPR or PVI to express intracranial compliance have demonstrated a potentially useful relationship between reduced compliance and the subsequent development of intracranial hypertension. Several investigators have reported that during progressive inflation of an epidural balloon, the intracranial compliance became abnormal prior to a marked increase in ICP, and at a balloon volume that was approximately 60% of that at which signs of uncal herniation first appeared. 9j~ Based on these and similar studies, it has been hypothesized that the presence of volume-expanding processes could be identified earlier from changes in the intracranial compliance than from increases in ICP. Earlier diagnosis of such processes would be followed by earlier treatment and perhaps reduction in neurological damage.
In patients with head injury, a reduced PVI has been correlated with the severity of intracranial hypertension. ~2"2~ During the first 24 hours after injury, a PVI of 15 to 20 ml predicted significant ICP elevations which could usually be controlled with medical treatment. The lower the PVI below 15 ml, the greater was the risk of developing uncontrollable intracranial hypertension. 12 However, there have been no prospective clinical studies demonstrating an advantage of PVI over 1CP for earlier diagnosis and treatment of intracranial space-occupying processes.
One important reason why PVI measurements have not been practical for identifying episodes of neurological decompensation is that the changes in intracranial compliance can occur rapidly. The examination of the FIG. 6 . Clinical course of a patient who developed cerebral edema associated with a contusion. The high-frequency centroid (HFC) gradually increased from 7.6 to 9.2 Hz over about 36 hours. At the peak of the HFC increase, the intracranial pressure (ICP) became uncontrollable and barbiturate coma was necessary. Computerized tomography showed an increase in cerebral edema surrounding the contusion. The patient eventually required a frontal lobectomy.
HFC trends in patients who developed neurosurgical emergencies illustrated the rapid loss of volume-buffering capacity, particularly in the patients with surgically treatable causes of intracranial hypertension. The analysis of the summary data for individual patients suggested that loss of volume-buffering capacity for more than 6 hours was associated with a threefold increased risk of death. It would be fortuitous to identify such rapidly changing processes prior to clinical decompensation with only intermittent measurements of PVI.
In attempting to develop a clinically useful continuous monitor of the PVI, a number of parameters have been used to describe the changes in ICP waveform that occur with reductions in intracranial compliance. As ICP increases due to an expanding intracranial mass, several investigators have described an increase in the ICP pulse amplitude.12816 However, considerable individual variation in the relationship between ICP pulse amplitude and intracranial compliance has limited the clinical usefulness of this measurement. 27 The ratio of the ICP pulse amplitude to ICP, the ratio of amplitude of the ICP pulsewave to the amplitude of the respiratory wave, the ratio of the inspiratory to expiratory ICP pulse amplitude, and the rising slope of the ICP pulsewave have also been used to deduce intracranial compliance. 7. ~ 3. 23 Each arterial pulse induces characteristic vibrations within the cerebrovascular system, having a fundamental frequency equal to the pulse rate (typically 1 to 2 Hz), and harmonic frequencies that are multiples of the fundamental frequency. Superimposed on these vibrations caused by the cardiac pulse are slower-frequency vibrations from the respiratory variation in the ICP, and higher-frequency vibrations that probably represent reflections of the pulse. Because these vibrations are transmitted to the CSF, depending on the characteristics of cerebrovascular tone and of compliance of the intracranial contents, spectral analysis has been used by several investigators to study induced changes in the ICP waveform. 6:8'19 '24 Inflation of an epidural balloon results in a relative increase in the amplitude of the fundamental frequency and a relative decrease in the amplitude of the harmonic frequencies. 6 Takizawa, et aL, 24 described a distortion factor of the ICP pulsewave as a measure of its difference from a simple sine wave. This distortion of the ICP pulsewave decreased as ICP increased from CSF infusion.
The system that was used in this study for monitoring changes in the ICP waveform may have advantages over conventional PVI measurements. Continuous measurements of the HFC may provide an earlier warning than ICP of neurological decompensation due to cerebral edema or mass lesions and, unlike PVI, do not require volumetric manipulation of the intracranial space.
The results reported here are from a retrospective analysis of the monitoring data and, as such, need confirmation in a prospective study. Future studies are therefore required to determine whether this or some modified ICP analysis system can consistently identify impending neurological deterioration secondary to a mass lesion earlier than is currently possible with conventional ICP monitoring. Furthermore, it will need to be demonstrated that such early detection and treatment of these lesions results in an appreciable improvement in clinical outcome.
